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Abstract
Carbon Capture and Storage (CCS) has been identified as one of the most promising means to reduce carbon
emissions. As the cost of CCS remains high and uncertainty prevails, government incentives are essential to mobilize
CCS deployment.  This paper presents an incentive compatible carbon price regulatory regime to align CCS with
Enhanced Oil Recovery (EOR). We then perform a numerical analysis on the macroeconomic effect of CCS with
EOR on the Abu Dhabi economy for CO2 capture from the steel and aluminum industries. Result shows that the
current scale of CCS remains too small and can only increase the supply of gas by 0.1% for Abu Dhabi. CO2
captured from the steel industry tends to generate higher value added than aluminum industry due to difference in 
CO2 intensity and energy penalty.
Keywords: Carbon Capture and Storage, Enhanced Oil Recovery, Clean Development Mechanism
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of GHGT 
Keywords: CCS;CO2;EOR
1. INTRODUCITON
Steel and Aluminum are two potential key sectors for carbon capture regulation given their rapid growth
in developing economies and massive outputs of carbon emissions. From 1946 to 1990, global steel
production had risen from 100M tons/year to 770M tons/year per year, and is expected to reach 1,280M
tons/year by 2020 [1]. In 2004, the steel industry along emits about 590M tons of CO2, which accounts 
for 5.2% of the global anthropogenic GHG emissions [2]. CO2 emitted from steel production primarily
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comes from energy consumption of fossil fuel as well as the use of limestone to purify iron oxides [3]. 
High energy consumption incurred in aluminum production also makes the aluminum industry a major 
contributor of CO2 emissions. In 1995, manufacture of primary aluminum was responsible for around 1% 
of global CO2 emissions [4]. Alumina production and anode consumption during electrolysis are the 
major sources of CO2 emissions in the aluminum production process [5].  
 
This paper studies carbon capture regulation for the steel and aluminum industries in Abu Dhabi of the 
United Arab Emirates (UAE). The Emirates steel industry (ESI), an Abu Dhabi government owned 
company, was established in 2001 to fulfill the growing demand for quality steel products in UAE. In 
2011, ESI has completed a 2-phase expansion plan (ESI-1 and ESI-2) to increase its capacity by 3.2M 
tons/year with the addition of 2 Direct Reduced Iron (DRI) based plants [6]. As a result, both ESI-1 and 
ESI-2 produces 0.4 MMTPA of wet CO2 from iron reduction reaction. ESI is working with Masdar, a 
Abu Dhabi Based clean technology company, to install CO2 adjacent facilities such as CO2 compression 
and dehydration to capture the 0.8 MMTPA of CO2 which will be transported through pipeline networks 
to onshore oil reservoirs for enhanced oil recovery [7]. 
 
The Emirates Aluminum industry (EMAL), another Abu Dhabi government owned company, is one of 
the largest industrial projects in the UAE. EMAL has a production capacity of around 0.7M tons/year 
using DX reduction cell technology. By the end of 2014, the capacity of EMAL will be expanded to 1.3M 
tons/year and will employ the latest DX+ reduction technology [8]. 
 
EMAL is also working with Masdar in developing a post-combustion carbon capture plant at the EMAL 
aluminum smelter complex. EMAL post-combustion CO2 capture process mainly consists of 
absorption/desorption process using Amino Acid Salt (AAS) as the chemical solvent to separate CO2 
from flue gases that comes from the 2 Heat Recovery Steam Generations (HRSGs). The main 
components of the process include two flue gas coolers, two flue gas blowers, two absorbers, desorber, 
heat exchangers and pumps and reclaimer for separation of by-products from the solvent. Once CO2 is 
captured, it is compressed and then purified before it is transported with pipelines to oil reservoirs for 
enhance oil recovery (EOR) [7]. 
 
Enhance oil recovery (EOR) is a commonly used technique to sustain oil production from mature oil 
reservoir [9]. From 1986 to 2008, the contribution of EOR to oil production has increased from 0.3% to 
5% as a result of rising oil demand and depletion of major oil reservoirs in the world [10]. CO2 has been 
used as one of the means for EOR. Injection of CO2 reduces the oil’s viscosity, thus enhance its ability to 
flow through the reservoir rock [11]. From 2004 to 2009, the use of CO2 for EOR has doubled to 60M 
tons/year. Globally, around 71 projects are using CO2 for EOR and are producing over 170000 barrels of 
oil a day [12]. Up to now, CO2 for EOR remains one of the most important applications for CO2 as it 
exhibits enormous economic value added to the society [13].  
 
For Abu Dhabi, currently 40% of associated gas produced in crude oil production has been re-injected to 
the oil fields for EOR. The use of CO2 for EOR will substitute the use of gas for EOR and thus increases 
the supply of gas to the domestic market which is increasing relying on gas imported from Qatar to fuel 
power-water desalination plants along the coastlines of Abu Dhabi. CCS for EOR thus presents an 
application with multiple utilities: (1) sustain oil production, (2) increase domestic gas production, and (3) 
reduce carbon emissions. 
 
While EOR represents one of the alternatives to restrain greenhouse gas emissions into the atmosphere 
through disposal of CO2 in oil reservoirs [9], the potential of leakage remains a key subject of concern. 
On the other hand, Carbon Capture and Storage (CCS) have been identified as one of the most promising 
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means to reduce carbon emissions. To incentivize carbon capture, government regulations are essential to 
mobilize CCS deployment. Among CCS regulations, carbon price regulation is known to be one of the 
central issues. The regulation of carbon price can be especially challenging when CO2 is leverage for 
enhanced oil recovery (EOR). 
 
This paper presents a model that analyzes feasible carbon subsidies to motivate carbon capture from 
power and industrial productions when capture costs can be compensated either with carbon crediting 
from the Clean Development Mechanism (CDM) or with value-added from CO2 for EOR. The model 
takes into account carbon capture efficiency and energy penalty from steel and aluminum production 
processes; substitution of gas with CO2 for EOR; and externality of carbon capture on specific sectors of 
the economy through increased electricity cost. We illustrate the application of the model with a study on 
ESI and EMAL. More specifically, we identify the carbon capture technologies to be used in the 
production process of ESI and EMAL. We then analyze CO2 captured under steel and aluminum 
productions as well as the energy penalty incurred. 
 
2. ANALYSIS 
We first identify the incentive compatible carbon price regulation for ESI and EMAL when the captured 
carbon can be used for EOR or sequestrated in permanent storage. We then discuss the spillover effects of 
carbon capture from ESI and EMAL on the economy of Abu Dhabi. A numerical analysis can then be 
performed to estimate the macroeconomic effects under incentive compatible carbon capture regulation in 
the next section. The key variables are defined as follows:  
 
Pe: the feasible carbon price for CO2 from ESI and EMAL under an efficient market where internal gas 
price and international carbon price reflect the true long term environmental-economic value of gas 
and carbon. 
P:  the incentive compatible carbon price for CO2 from ESI and EMAL under an inefficient market where 
internal gas price and international carbon price do not reflect the true long term environmental-
economic value of gas and carbon. 
Vg: the per unit value of CO2 for EOR. The value is determined by the substituted gas value by CO2 for 
EOR. 
Vc: the per unit value of CO2 for storage. The value is determined by international carbon price when 
CCS is included in international regulation for climate change mitigation. 
C: the per unit cost of carbon capture.  This is determined by industrial process as well as carbon capture 
technology employed. 
S: the per unit carbon subsidy provided by the government to the sellers of CO2 (e.g. ESI and EMAL) 
 
Note that Pe, P, Vg, and Vc are all buying prices. While P, and S are decision variable, Pe is a function of 
exogenous variables Vg, Vc, and C since there is no market failure to be fixed in an efficient market. 
Nevertheless, the trading pattern in the efficient market provides a benchmark for us to identify the 
regulation needed in an inefficient market. Following the business as usual scenario of carbon capture at 
ESI and EMAL, we make the following assumptions: 
 
(1) Productions of primary goods (e.g. aluminum and steel) are fixed so there is no interaction 
between carbon price and primary good production. 
(2) Carbon market is competitive so CO2 is sold to the buyer who offers higher carbon price.  
(3) In the inefficient market, the objective of regulation is to promote CO2 capture for either EOR or 
storage. 
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(4) Any one of the carbon buyers can consume all available CO2 when carbon value is high than 
cost. 
(5) Assume there exists distortionary cost associated with public funds so minimum subsidy is 
desired.    
  
It is aware that the assumption (3) may result in inefficient trade. Nevertheless, it is imposed as a practical 
assumption to fit the context. Define an incentive compatible carbon regulation regime by one where the 
CO2 producer is willing to pay C to capture CO2, we can identify Pe and P as follows: 
  
(1) When min (Vg, Vc) > C:  
- Pe = P = min (Vg, Vc) if CO2 buyers have greater bargaining power. 
- Pe = P = max (Vg, Vc) if CO2 producers have greater bargaining power. 
 
(2) When max (Vg, Vc) > C > min (Vg, Vc): 
- Pe = P = max (Vg, Vc) if CO2 buyers have greater bargaining power. 
- Pe = P = C if CO2 producers have greater bargaining power. 
 
(3) When max (Vg, Vc) < C:  
- Efficient market: CO2 capture is not socially optimal so there is no trade. 
- Inefficient market: P = C, S = C - max (Vg, Vc) 
 
There are two rationales for the government to promote CCS in our context. The first rationale is to 
increase domestic gas supply through releasing gas originally used for EOR. The second rationale is to 
derive carbon credits if carbon price is competitive. The spillover effects of CCS with EOR can be 
complex. At one hand there exists energy penalty associated with carbon capture. On the other hand the 
substitute rate of CO2 for gas in EOR has to be sufficiently high to make Carbon capture economically 
feasible. The aggregate effects will be identified with a numerical analysis.  
 
 
2.1 Model for Numerical Analysis 
 
We develop a numerical model to calculate the economic value added (EVA) of CCS with EOR under 
incentive compatible subsidy regulation for Carbon capture from ESI and EMAL. The high level structure 
of the EMAL model is shown in Figure 1. The model comprises:  (1) CO2 supply sectors (i.e. EMAL), 
(2) oil production sector, (3) water sector, (4) electricity sector, (5) Storage sector. As shown in Fig1, flue 
gas drawn off from EMAL’s aluminum production process enters the carbon capture plant and is captured 
with post combustion technology using Aqueous amino acid salt (AAS) solvent. The captured gas is then 
transported to be used for EOR or for Storage. If CO2 is used for EOR, the oil company derives the 
substituted gas value. If CO2 is permanently stored in underground geological formation, the storage 
operator derives revenues from carbon credits. The capture plant consumes water for cooling and 
electricity for pumping solvent and gas.  
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Fig.1. High Level Model Structure  
A similar model for ESI is developed to characterize the EOR-CCS process for steel production. It is 
notable that electricity consumption is much less in ESI than EMAL given that CO2 feed stream in steel 
production contains approximately 90% CO2. The flue gas of CO2 is transported from the two industries 
by pipeline for EOR purposes or Store the gas in geological formation to achieve carbon credit. 
 
 
2.2 Data and Assumptions 
 
We identify the parameters for our analysis with 2 sources of data. For CCS, we estimate the parameters 
using project data from Masdar. For EOR, we estimate the parameters from secondary sources. The major 
parameters used in our analysis are summarized in Table 1.   
 
Table 1 Data and Assumptions 
Parameters of the model Amount Unit Source  
EMAL Production Capacity  108.904 (tonne/hour) Environmental Impact Assessment – Executive 
Summary  (EMIRATES ALUMINIUM PROJECT) 
 
Flue Gas per Alum Production 183.025 Kg/tonne Estimate*  
"CO2/Flue Gas Ratio at 90% Captrue 
Rate" 
0.052566 - Estimate*   
Per Unit Electricity Consumption for 
Emal CO2 Capture 
0.2334 Kwh/Kg Estimate*   
Per unit Electricity Subsidy 0.018 USD/Kwh The National Conversation  
Per Unit Water Consumption for Emal 
CO2 Capture 
0.09973 tonne/Kg Estimate*  
Carbon Price 0.02 USD/Kg [Centre for International Economics  
Canberra & Sydney, Effects of a carbon price on  
the building and construction  
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industry report] 
Oil Production rate with CO2 for EOR 0.005 Barrel/Kg Soltanieh (2009)  
Oil Production Rate with Gas for EOR 0.050872 Barrel/m3 British Petroleum data   
Production Capacity Increasing Rate 7.27803e-
005 
-   
Target Production Rate at 2017 145833 Barrel/Hour [http://www.emirates247.com/dh220bn-abu-dhabi-
investment-in-hydrocarbons-2010-10-31-1.311245] 
 
Associated Gas Production Rate per 
Oil Production 
49.0227 m3/Barrel British Petroleum data  
International Gas Price 240.3 USD/m3 EIA energy outlook (2012, Oct)  
Imported Gas from Existing Contract 163242 m3/hour British Petroleum data  
Steel Production Capacity 228.311 tonne/hour ESI website  
Flue Gas per Steel Production  248.33 Kg/tonne Estimate*   
Per Unit Electricity Consumption for 
Steel CO2 Capture  
0.246092 KWh/Kg Estimate*  
Per unit Electricity Subsidy  0.018 USD/KWh The National Conversation  
Duration of project time 10 years Assumption  
Inflation Rate (annual) 2% - Assumption  
Interest Rate (annual) 8% - Assumption  
Probability of carbon crediting 50% - Assumption  
*Estimate with data from Masdar Carbon Unit 
 
 
2.3 Analysis Results 
 
We define 3 decision variables to identify the economic value added (EVA) of CCS with EOR under 
incentive compatible subsidy regulation for CO2 capture from ESI and EMAL. The variables are 
respectively: Percentage of capacity for production; Percentage of Flue gas to be treated with carbon 
capture; and percentage of CO2 to be used for EOR. There are 2 variables representing ESI and EMAL 
for each of the first 2 variables. The last variable is introduced after we found that the total CO2 captured 
from full capacity of ESI and EMAL will mostly be used in EOR given the estimated CO2-gas 
substitution rate for EOR, expected gas price, and expected carbon price. It is further found that the 
substituted gas for EOR only accounts for 0.1% of total domestic gas demand so the macroeconomic 
impact is limited. As a result in the analysis we allow CO2 to be used for CCS to evaluate the 
environmental effects of carbon capture.  
 
In the below analysis we calculated the net Economic Value Added (EVA) of each scenario. The Net 
EVA is determined by realize gas value from EOR+ realized CO2 credit value from storage – electricity 
and water cost. All costs are calculated with net present value. 
 
Analysis 1: Effects of production capacity expansion  
Scenarios considered for analysis 1 are shown in Table 2. There is no carbon capture in the benchmark 
scenario.   
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Table 2 Scenarios in Analysis 1 
 
Scenarios 
S1-BM-
without 
CC 
 
S2-
BAU- 
EOR 
S3-
BAU- 
EOR 
S4-
BAU- 
EOR 
S5- 
HS- 
EOR  
S6- 
HS- 
EOR 
S7-  
HS- 
EOR 
S8- 
HA- 
EOR  
S9- 
HA- 
EOR 
S10- 
HA- 
EOR 
Percentage of Capacity for Production EMAL 1 1 1 1 1 1 1 1.5 1.5 1.5 
Percentage of Capacity for Production ESI 1 1 1 1 1.5 1.5 1.5 1 1 1 
Percentage of Flue Gas to be treated with 
Carbon Capture EMAL 
0 1 1 1 1 1 1 1 1 1 
Percentage of Flue Gas to be treated with 
Carbon Capture ESI 
1 1 1 1 1 1 1 1 1 1 
Percentage of CO2 to be used for EOR 0 0 0.5 1 0 0.5 1 0 0.5 1 
 
 
Fig. 2. Net Economic Value Added for all scenarios in Analysis 1 
 
 
S7-HS-EOR (scenario7-High steel production and used for enhance oil recovery) shows highest Net EAV 
among all scenarios. This is due to high amount of flue gas that obtains from steel industry with high 
percent of CO2 around 90% from the total flue gas. Whereas, Benchmark scenario without carbon capture 
has zero Net (EAV) since no capture process happen in this case.  
 
Analysis 2: Effects of Flue Gas Treatment Percentage  
Scenarios considered for analysis 2 are shown in Table 2. 
 
Net EVA
200 B
150 B
100 B
50 B
0
0 21900 43800 65700 87600
Time (hour)
U
SD
Net EVA : S1-BM-without CC
Net EVA : S2-BAU-EOR
Net EVA : S3-BAU-EOR
Net EVA : S4-BAU-EOR
Net EVA : S5- HS- EOR
Net EVA : S6- HS- EOR
Net EVA : S7- HS- EOR
Net EVA : S8- HA- EOR
Net EVA : S9- HA- EOR
Net EVA : S10- HA- EOR
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Table 3 Scenarios in Analysis 2 
 
Scenarios 
S1-BM-
without 
CC 
 
S2-
BAU- 
CC 
S3-
BAU- 
CC 
S4-
BAU- 
CC 
S5- 
HS- 
CC  
S6- 
HS- 
CC 
S7-  
HS- 
CC 
S8- 
HA- 
CC  
S9- 
HA- 
CC 
S10- 
HA- 
CC 
Percentage of Capacity for 
Production EMAL 
1 1 1 1 1 1 1 1.5 1.5 1.5 
Percentage of Capacity for 
Production ESI 
1 1 1 1 1.5 1.5 1.5 1 1 1 
Percentage of Flue Gas to be 
treated with Carbon Capture 
EMAL 
0 0.5 0.7 1 0.5 0.7 1 0.5 0.7 1 
Percentage of Flue Gas to be 
treated with Carbon Capture ESI 
0 0.5 0.7 1 0.5 0.7 1 0.5 0.7 100 
Percentage of CO2 to be used for 
EOR 
0 1 1 1 1 1 1 1 1 1 
 
 
 
 
Fig. 2. Net Economic Value Added for all scenarios in Analysis 1 
Analysis 2 shows similar results with Analysis 1. In general S7-HS-EOR (scenario7-High steel 
production and used for enhance oil recovery) produces the highest Net EAV. It is also notable that the 
water subsidy for CO2 captured from ESI is 0 as no cooling system is required for compression and 
dehydration and less energy is required for compression and dehydration. 
 
Net EVA
200 M
150 M
100 M
50 M
0
0 21900 43800 65700 87600
Time (hour)
U
SD
Net EVA : S1-BM-without CC
Net EVA : S2-BAU-CC
Net EVA : S3-BAU-CC
Net EVA : S4-BAU-CC
Net EVA : S5- HS- CC
Net EVA : S6- HS- CC
Net EVA : S7- HS- CC
Net EVA : S8- HA- CC
Net EVA : S9- HA- CC
Net EVA : S10- HA- CC
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3. CONCLUSION 
CCS is expected to play a key role in reducing greenhouse gas emissions with large scale sequestration of 
CO2. In this paper, we propose an incentive compatible carbon price regulatory regime to align CCS with 
Enhanced Oil Recovery (EOR). We then perform a numerical analysis on the macroeconomic effect of 
CCS with EOR on the Abu Dhabi economy for CO2 capture from the steel and aluminium industries. 
Result shows that the current scale of CCS remains too small and can only increase the supply of gas by 
0.1% for Abu Dhabi. CO2 captured from the steel industry tends to generate higher value added than 
aluminium industry due to difference in CO2 intensity, energy penalty as well as water consumption. In 
addition to the direct effect of CCS with EOR that is captured with Net Economic Value Added, there is a 
need to further investigate the indirect cost of CCS with EOR as a result of  change of utility cost to the 
broad industry due to change in gas supply. 
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